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College Park, MarylandABSTRACT Investigators have con-
structed dsDNA molecules with several
different base modifications and have
characterized their bending and twisting
flexibilities using atomic force micro-
scopy, DNA ring closure, and single-
molecule force spectroscopy with
optical tweezers. The three methods
provide persistence length measure-
ments that agree semiquantitatively,
and they show that the persistence
length is surprisingly similar for all
of the modified DNAs. The circular
dichroism spectra of modified DNAs
differ substantially. Simple explanations
based on base stacking strength, poly-
mer charge, or groove occupancy by
functional groups cannot explain the
results, which will guide further high-
resolution theory and experiments.
Real double-stranded DNA molecules
differ from the idealized zero-Kelvin
A, B, and Z forms. They can adopt
deformed average conformations, as
in bent A-tract DNA or protein-DNA
complexes. The path of the DNA helix
axis also varies due to thermal energy,
so at very long lengths DNA behaves
as a random coil. The term ‘‘long
lengths’’ is relative to the persistence
length P of the wormlike chain model.
P is the average offset of the end of
a chain along its initial direction, or
alternatively the length over which
the unit vectors m1
! and m2! tangent
to the helix axis lose colinearity ac-
cording to
D
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0006-3495/14/07/0282/3 $2.00where d12 is the contour length fromhttp://dx.doi.org/10.1016/j.bpj.2014.06.007point 1 to point 2, as in Fig. 1. P can
be measured by hydrodynamics (1),
atomic force microscopy (AFM) (2),
DNA ring closure (3) or protein-DNA
looping (4), tethered particle micro-
scopy (5), or single-molecule optical
tweezers experiments (6). The long-
range loss of memory of DNA direc-
tion grows out of local variations in
the helix axis direction specified by
roll, tilt, and twist angles that parame-
terize changes in the helix axis direc-
tion. For harmonic bending potentials,
the bending persistence length is
related to roll and tilt according to
s2roll þ s2tilt ¼ 2‘=P;
where ‘ ¼ 3.4 A˚, so for P ~ 50 nm
(147 bp) the average standard devia-
tions in the roll and tilt angles sroll and
stilt are ~4.7
, although in real DNA,
roll varies more than tilt. Similar rela-
tionships hold for twist flexibility (7).
DNA flexibility can be studied at
contour length scales from A˚ngstroms
to microns. Flexibility at the atomic
scale accessed by nuclear magnetic
resonance, x-ray crystallography, cryo-
electron microscopy, and molecular
dynamics simulations (8) refers to
many aspects of conformational vari-
ability. One active thread of research
at this scale concerns interconversion
among helical forms, base flipping,
DNA kinking, changes in backbone
torsion angles, and the sequence
dependence of all of these local prop-
erties. Local fluctuations in the base-
pair roll, tilt, and twist angles do
seem to predict the correct long-range
behavior (9). A second thread asks
whether the wormlike chain model
holds at DNA lengths shorter than
P (2,10); the active controversy con-
cerning enhanced bendability at short
lengths has recently been reviewed by
Vologodskii and Frank-Kamenetskii
(11). A third thread asks whether we
can understand the underlying bio-
physical causes of long-range DNA
flexibility. These presumably include
base stacking, electrostatic repulsionalong the backbone, changes in the
counterion atmosphere (12), occu-
pancy of the major and minor grooves
by functional groups, conformational
entropy, the strength of Watson-Crick
hydrogen bonding, and water structure.
Helical polymorphisms and the junc-
tions between polymorphs presumably
affect the sequence dependence of the
persistence length.
Peters et al. (13,14) have attempted
to understand bending and twisting
flexibility by characterizing a variety
of modified nucleic acids using DNA
ring closure, AFM, and optical tweezer
methods, sketched in Fig. 1. In previ-
ous work (13), they used ring closure
to show that major groove substituents
that alter the charge on the polymer
do not have substantial effects on
the bending persistence length, and
that the effects were not correlated in
an obvious way to the stacking pro-
pensity of the modified bases. The
work described in this issue of the
Biophysical Journal (14) uses all three
methods to demonstrate that DNA
with 2-amino-adenosine (a.k.a., 2,6-
diaminopurine) substituted for adeno-
sine has an increased persistence
length, whereas inosine substitution
for guanosine reduces the persistence
length, as would be expected if
groove occupancy (or the number of
Watson-Crick hydrogen bonds) affects
flexibility. However, the authors did
one experiment too many—when they
measured the effects of the earlier
major groove substituents (13) using
AFM, the correlation with groove oc-
cupancy disappeared. This could be
because changes in helical geometry,
as evidenced by the circular dichroism
spectroscopy also reported in the
article, alter the grooves sufficiently
to prevent a straightforward connec-
tion to flexibility.
The magnitude of the effect of base
modifications on P is the largest for
the optical tweezers and the smallest
for DNA ring closure, showing that
FIGURE 1 The base modifications studied by Peters et al. (13,14) affect bothWatson-Crick hydrogen
bonding and groove occupancy. They used AFM, DNA ring closure, single-molecule force spectros-
copy, and circular dichroism spectroscopy (not shown) to characterize the resulting changes in bending
and twisting flexibility. DNA molecules are not shown to scale. To see this figure in color, go online.
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perfect. The Supporting Material for
both articles (13,14) offers valuable re-
sources for the careful evaluation of
experimental results and possible sour-
ces of error within and between exper-
iments. For example, the DNA lengths
and the ionic conditions required by
the different methods differ. Ring
closure results depend critically on
the purity of the DNA and appropriate
ligation conditions. Analysis of AFM
results averaged several different sta-
tistical measures of decaying angular
correlations and end-to-end distance,
which did not individually always
agree. In force spectroscopy there
are variations in the bead attachment
for each molecule, errors in the stretch
modulus can affect the measured
persistence length, force can induce
DNA melting, and very few molecules
can be observed. Rare kinking eventsproposed to explain enhanced bend-
ability should affect the cyclization
experiment most markedly; no evi-
dence for enhanced flexibility was
seen. Finally, Peters et al. (14) have
observed that DNA twist and twisting
flexibility seem to be more sensitive
than the persistence length to base
modifications.
Taken as a whole, this extremely
thorough series of experiments shows
that we still do not understand the
fundamental origins of the remarkable
stiffness of double-stranded DNA.
There may be compensating effects
that make the dissection difficult. For
example, changing the charge on the
polymer may induce a corresponding
adjustment in the counterion condensa-
tion atmosphere, leading to a relatively
constant residual charge. Groove sub-
stituents that enhance basepair stability
could enhance bendability for stericreasons. Stacking thermodynamics
may not change very much for the
very small bend angles at any indi-
vidual basepair. Locally stiff regions
may introduce nearby junctions that
are flexible.
The stiffness of DNA relative to
other biopolymers inspired the devel-
opment of DNA nanotechnology
(although that field has adopted
bridged synthetic constructs that are
even more rigid). Further research on
the biophysics, and specifically the
long-range mechanical properties of
DNA, will be essential as we build
better models of DNA in the cell,
which has evolved many proteins that
act to increase apparent flexibility.
The various aspects of DNA flexibility
influence the protein-DNA complexes
that mediate DNA’s informational
role, the induction of and responses
to supercoiling used for long-range
communication among sites (15), and
chromosome structure and genome
organization.REFERENCES
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